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Seaﬂoor methane release due to the thermal dissociation of gas
hydrates is pervasive across the continental margins of the Arctic
Ocean. Furthermore, there is increasing awareness that shallow
hydrate-related methane seeps have appeared due to enhanced
warming of Arctic Ocean bottom water during the last century.
Whilst it has been argued that a gas hydrate gun could trig-
ger abrupt climate change, the processes and rates of subsur-
face/atmospheric natural gas exchange remain uncertain. Here
we investigate the dynamics between gas hydrate stability and
environmental changes from the height of the last glaciation
through to the present day. Using geophysical observations from
offshore Svalbard to constrain a coupled ice sheet/gas hydrate
model, we identify distinct phases of subglacial methane seques-
tration and subsequent release on ice sheet retreat that led to
the formation of a suite of seaﬂoor domes. Reconstructing the
evolution of this dome ﬁeld, we ﬁnd that incursions of warm
Atlantic bottom water forced rapid gas hydrate dissociation and
enhanced methane emissions during the penultimate Heinrich
event (H1), the Bølling and Allerød interstadials and the Holocene
optimum. Our results highlight the complex interplay between the
cryosphere, geosphere and atmosphere over the last 30,000 years
that led to extensive changes in sub-seaﬂoor carbon storage that
forced distinct episodes of methane release due to natural climate
variability well before recent anthropogenic warming.
gas hydrate j Arctic Ocean j methane release j climate change
Introduction
Marine surveys of the Arctic Ocean continental shelf and slope
are continuously disclosing new seafloor methane seeps associ-
ated gas hydrate reservoirs1-3. Gas hydrates are crystalline solids
that consist of methane trapped in a lattice of hydrogen-bonded
molecules of water4. Due to their extensive distribution through-
out the Arctic and elsewhere, hydrates are an integral part of
a dynamic global carbon cycle5,6 where methane and heavier
gases (i.e. ethane/propane) are sequestered and released over
time. Under stable - high pressure/low temperature conditions -
gas hydrates constitute a potentially massive natural sub-seafloor
carbon sink and storage capacitor. Yet even under stable condi-
tions, some ongoing methane seepage is likely to occur due to
preferential fluidmigration from deep, thermogenic hydrocarbon
reservoirs or due to methanogenesis within organic-rich marine
sediments. Despite this, under warming and/or de-pressurization,
hydrate dissociation can drive large-scale natural gas release
with potentially profound impacts. Abrupt episodes of methane
emissions from the seafloor may attain the atmosphere6 and
thereby become a potent feedback for abrupt climate change5,7.
Methane released into the water column also affects its geochem-
ical signature and pH due to aerobic oxidation leading to en-
hanced levels of carbon dioxide8. Yet, moderate methane release
is regulated by, and is also the basis for marine chemosynthetic
ecosystems that thrive in the vicinity of venting gas seeps, with
new extremophiles continually discovered9-11. Gas hydrates also
sculpt and influence seafloor morphology with methane-derived
carbonate crusts and pavements formed above gas venting sys-
tems and, furthermore, hydrate dissociation within sediments has
been linked to mega-scale submarine landslides12, pockmarks13,
craters14 and gas dome structures15.
Gas andwater that constitute a hydrate crystalline solid within
the pore space of sediment remains stable within a gas hydrate
stability zone (GHSZ) that is a function of bottomwater tempera-
ture, sub-bottom geothermal gradient, hydrostatic and lithostatic
pressure, pore water salinity, and the specific composition of
the natural gas concerned. Generally, the GHSZ increases in
thickness with greater water depth4. In contrast to other Arctic
regions, where gas hydrates remain stable to 300 meters below
sea level (mbsl), or even shallower in subsea permafrost regions16,
the modern GHSZ along the south-western Svalbard margin
appears deeper at 370 - 390 mbsl. Here, the relatively warm,2.7
o C northward flowing West Spitsbergen Current exerts strong
control on the spatial extent and thickness of the GHSZ. It has
been argued that recent warming of this current has triggered
active recession of the upper GHSZ thereby promoting enhanced
methane seepage17,18. An alternative hypothesis suggests that sea-
sonal variations in bottom water temperature drive fluctuations
of gas hydrate decomposition and transient methane release19.
To date, gas hydrates have not been observed at or close to the
upper edge of hydrate stability zone offshore of Svalbard. Due
to the largely unknown composition of gas in marine sediments
coupled with a paucity of cores and actual hydrate samples,
previous estimates for the GHSZ17,19 are based on theoretical
considerations alone which may to be at odds with the actual
hydrate stability conditions at the seabed. Thus, the fate of gas
hydrates on the Svalbard margin in response to past, ongoing and
future oceanic warming remains unclear.
Here, we present the new discovery of intensive cold seep
activity clustered on the apexes of several 500 m wide gas
hydrate-bearing domes at 370-390 mbsl in Storfjordrenna, north-
western Barents Sea (Figure 1). Such formations, close to the
shallow termination of the GHSZ, have rarely been observed
Signiﬁcance
Shallow Arctic Ocean gas hydrate reservoirs experienced dis-
tinct episodes of subglacial growth and subsequent dissoci-
ation that modulated methane release over millennial time-
scales.
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Fig. 1. - Gas leakage system at Storfjordrenna. Compilation of observations,
including seabed topography from high-resolution multibeam data (10 m
grid cell), 2D seismic cross-section (300 Hz) and single beam echosounder
data (38 kHz) tracing streams of gas bubbles (gas ﬂares) in the water column.
Different colors within gas ﬂares indicate backscattering strength of the
reﬂected acoustic signals (red is the highest values, light green is the lowest).
Vertical trains of large dots in the water column show locations of the water
samples and, by colors, - concentrations of dissolved methane measured.
Red and grey marks at the seaﬂoor indicate coring sites with and without
gas hydrates, respectively. On the insert red arrow shows West Spitsbergen
Current (warm Atlantic Water), blue arrow – East Spitsbergen Current (cold
Polar Water).
in the Arctic and their origin has yet to be investigated. We
refer to these domes as “gas hydrate pingos” (GHPs) since they
are morphologically similar to ice-bearing onshore pingos20 and
their offshore counterparts21,22. Terrestrial and offshore pingos
form in permafrost regions where water-saturated soils freeze
and expand20,23. The primary difference between the permafrost-
related mounds and the domes imaged here is that instead of ice,
GHPs are formed from methane-derived authigenic carbonates
and gas hydrates, which render them susceptible to changes in
their ambient temperature and pressure environment.
The wider Barents Sea region experienced profound sub-
glacial temperature, pressure and isostatic variations during the
last glacial cycle24-26. A cooling climate 35,000 years ago initi-
ated the growth of the marine-based Barents-Kara Sea ice sheet
providing extensive high pressure/low temperature subglacial
conditions across the continental shelf off Svalbard13. Analysis of
sediment cores from the region reveal that the ice-sheet advanced
across the shelf at 27,000 cal. a BP and was at its maximum
extent at the shelf break west of Svalbard by 24,000 cal. a BP27.
After a prolonged period of relative stability, deglaciation com-
menced rapidly from20,000 cal. a BP28,29 onwards. Hemipelagic
muds present in a sediment core from Storfjordenna, some 12 km
south of our GHP site, constrains local deglaciation to around
19,000 cal. a BP30. The receding ice sheet left a series of grounding
zone wedges and several generations of plough-marks indicating
alternating phases of standstill and active, calving retreat29. Con-
current with and promoting deglaciation, ambient Arctic water
of 1.5°C, encroached onto the shelf30. Marine sediment δ18O
records reveal that during the Heinrich event 1 (15,000 -13,000
cal. a BP), Bølling and Allerød interstadials (13,000 – 11,000 cal.
a. BP), and the Holocene Optimum (9,000 – 8,000 cal. a BP),
Atlantic bottom water - on average 3°C warmer - displaced the
cooler ambient Arctic water body that was present immediately
after deglaciation30,31.
Storfjordrenna’s complex environmental history and that of
the wider Barents Sea shelf, raises several important questions in
relation to gas hydrate storage and decomposition. Did the GHPs
develop as a result of deglaciation or due to more recent ocean
warming?How did theGHSZ respond to ice sheet retreat and the
subsequent marine incursion of Arctic waters?When and for how
long did stable gas hydrates exist during glaciation? How thick
were they? Addressing these questions requires a quantitative
and unified understanding of the interaction between the ice
sheet, ocean and subsurfacemethane hydrate reservoir over time-
scales spanning the last glaciation into the near future. To this
end, we characterise the newly discovered site at Storfjordrenna,
along with the first documented recovery of gas hydrate from the
Svalbard-Barents Sea shelf, to provide boundary conditions for
a time-dependent coupled ice sheet/GHSZ model that describes
the evolution and dynamics of the glacial and subglacial gas
hydrate systems in this sector.
Gas hydrate pingos and methane venting
Five discrete GHPs were geophysically imaged within a 2.5
km2 area on the flank of the glacially eroded cross-shelf Storfjor-
drenna (Figures 1 and supplementary Figure S1). All the GHPs
have sub-circular or elongated shapes with diameters of 280-450
m and heights of 8-10 m. Their existence within a ground-zone
of vigorous paleo-ice stream activity evidenced by multiple mega-
scale glacial lineations indicates formation after the last ice sheet
retreated from the area.
Hydro-acoustic observations reveal that four out of fiveGHPs
persistently emit natural gas (Figure 1). Gas bubbles, represented
by hydroacoustic anomalies within the water column, emerge and
concentrate from the topographic summits of theGHPs. The area
was surveyed three times in May, July and October 2015 and the
observed gas flares were continuous, with many of them rising
to at least 200 mbsl and the largest ones rising to 20 mbsl.
Undetected bubbles – those smaller than the resonance frequency
of the echosounder signal (0.6 and 0.8 mm at 20 and 200 m
water depth, respectively) cannot be discounted from breaking
the ocean surface without being traced32. Despite the lower
hydrostatic pressure, rising methane bubbles gradually shrink
by diffusion into the ambient water column33,34. Geochemical
analysis indicates that gas seepage supplies the water column with
up to 130 ml/l of dissolved methane (Figure 1), some 40 times
higher than the ambient concentration. A towed camera vehicle
equipped with a methane sensor surveyed 0.5 to 2.0 m above
seabed and traced concentrated plumes of dissolved methane
associated with the GHPs. The location of the methane plumes
along with the gas release sites coincide with the GHP summits,
confirming that persistent, focused methane expulsion is closely
linked to the specific morphology of each GHP (Figure 1).
Cores acquired from the GHPs reveal that gas hydrate-
bearing hemipelagic sediments with abundant carbonate concre-
tions (supplementary figure S2) are present in distinct layers
below the seafloor (40-70 and 90-120 cm below the seafloor in
GHP’s summits; 120-130 and 205-220 cm below seafloor in the
GHPs’ flanks). Outside the GHPs, sediments do not contain car-
bonate inclusions indicating reduced or absent influx of methane.
In a pattern identical to gas expulsion and flares, gas hydrates ap-
pear exclusively within the topographic highs comprising multiple
layers with different textures that include disseminated, massive
and layered hydrates that occur at various depths within the cores.
Some sediment layers exhibit a liquefied, soupy material due to
the dissociation of hydrates that is typically observed in recovered
sediment cores where the temperature and pressure conditions
have changed greatly on opening35,36. For all GHPs cores, the
released gas was predominantly methane with an unambiguous
thermogenic (i.e. depleted) isotopic signature (δ13Caverage=-47,
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Fig. 2. - Evolution of the Storfjordrenna ice stream
and postglacial oceanographic changes. a – time-lapse
setting of the ice stream along the line indicated in
the insert. GHPs are not to vertical and horizontal
scale. b – Changes of the ice and GHSZ thickness,
bottom temperature, sea level59 and isostatically ad-
justed seabed at GHP site throughout the last 37,000
years.
Fig. 3. - Evolution of GHSZ in outer Storfjordrenna throughout the last glacial
cycle. Blue line indicates contours of the ice sheet. Red dashed line shows
location of GHP site. GHPs are not to vertical and horizontal scale.
n=8; δDaverage=-177; n=8) with additional low admixtures of
higher methane homologs (C1/C2-C3average =111.3; n=87) (table
1 supplementary).
High-resolution seismic data reveal deep-rooted (>150 m
below seafloor) sub-vertical amplitude masking zones underlying
each of the GHPs that we interpret as chimneys through which
thermogenic-derived gas migrates upward (Figure 1). High-
amplitude reflectors around these gas chimneys indicate local
accumulations of free gas, gas hydrate or authigenic carbonates.
Given these seismic data and the regional geological setting, we
infer that an existing fault system within the upper Paleocene-
Eocene and Pliocene-Pleistocene sedimentary rocks provide high
permeability zones for upward thermogenic gas migration from
underlying hydrocarbon rich Triassic-Jurassic formations37-39.
Glacial history and evolution of gas hydrate stability
During the Last Glacial Maximum, a large grounded ice
stream occupied Storfjordrenna and drained ice from a major
accumulation centre over southern Svalbard40. Empirically con-
strained ice flow modelling reveals that grounded ice entered
Storfjordrenna 35,500 years ago with the onset of glaciation,
overriding todays GHP site25. Within the next 2,000 years (by
33,500 years ago), the Storfjordrenna ice stream had advanced
to the shelf break (Figure 2a). During the next10,000 years, the
ice stream was relatively stable, experiencing only minor fluctua-
tions of the ice front, which was mostly pinned to the continental
shelf edge. Ice was between 900 to 1000 m thick above the GHP
site at this time, while subglacial temperatures fluctuated between
-0.5 °C (the pressure-dependent melting point of ice) and -6°C
dependent on the ice stream configuration (Figure 2b). Ice-sheet
retreat commenced around 22,500 years ago in line with global
climate amelioration. The active ice stream retreated from the
GHP site 21,000 years ago until it attained a stable position 40
km further upstream around 18,000 years ago. Under continued
atmospheric and ocean warming coupled with ongoing eustatic
sea-level rise, the ice stream retreated back to inner Storfjorden
by 14,500 years ago.
By coupling the glacial evolution with a transient gas hy-
drate model (see Methods), we underscore the tight spatial and
temporal relationship between GHSZ depth in Storfjordrenna
and ice sheet dynamics (Figure 3, Figure 4). The GHSZ model
essentially solves the conductive heat flux equations based on
ambient pressure and thermal conditions provided by ice and/or
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Fig. 4. - Growth and collapse of GHSZ in outer Storfjordrenna. Isostatic
movements, subsurface temperature distribution, GHSZ, thickness of ice and
permafrost resulted from our modelling. Gas chimneys and faults are not to
vertical and horizontal scale. a – setting during the last glacial maximum:
200 m thick GHSZ, patches of subglacial permafrost. b – GHSZ-free shelf
during the Heinrich event 1. Seabed gas efﬂux is unhampered. c – continuous
GHSZ on the shelf by the end of the Younger Dryas Interstadial. Gas chimneys
intersect with 40m GHSZ.
ocean above and geothermal inputs from below. A more sophis-
ticated multiphase fluid flow model could be adopted but robust
application of such a model requires accurate definition of a wide
range of input parameters related to sediment and fluid prop-
erties, along with their evolution over time. Given the complex
geological and environmental history at our study site, includ-
ing significant episodes of glacial erosion/isostasy, compaction
of sediments, subglacial and marine deposition, formation and
melting of subglacial permafrost – all of these conditions would
require accurate parameterization in a multiphase model. Hence,
given the available data and the environmental complexity of the
study site, we reason that application of a GHSZmodel is a more
pragmatic and robust approach in this instance.
The GHP site and adjacent shelf were outside of the GHSZ
until the onset of ice sheet advance 35,000 years ago (Figure
2b, Figure 3). Cold subglacial temperatures (-2oCmean) combined
with high overburden pressures in excess of 8 MPa (equating to
900 m overburden ice), established a 200 m thick subglacial
GHSZ at the GHP site that sustained for 13,500 years. Around
30,000 years ago the subglacial GHSZ merged with the sub-
seafloor GHSZ on the continental slope, forming a continuous
gas hydrate field across the entire region (Figure 3). Throughout
this glacial episode, the thickness of the subglacial GHSZ varied
by around 20%, dependent on ice thickness, basal temperatures
and concomitant overburden pressure (Figure 2b). After final
deglaciation, the impact of an inherited glacio-isostatic depres-
sion of 85 m at the GHP site promoted the preservation of a
100 m thick GHSZ up until around 15,500 years ago (Figure 2b,
Figure 3). Eventually though, inflowing warm Atlantic Water at
4.0 to 5.5 oC associated with the Heinrich 1 (H1) event and the
Bølling-Allerød interstadials30 combined with ongoing isostatic
rebound destabilised any remnants of the GHSZ from the area
(Figure 3). Northern Hemisphere cooling during the Younger
Dryas stadial at 12,000 years ago and the incursion of the
cold East Spitsbergen Current30 initiated a second phase of gas
hydrate formation with a 60 m thick GHSZ established across
the shelf that once again connected with the persistent offshore
GHSZ beneath the continental slope (Figure 3).
Analogous to H1, the Holocene optimum was likewise as-
sociated with an intrusion of warm, 4 oC Atlantic Water from
outer Storfjordrenna, and led to a further episode of gas hydrate
destabilisation (Figure 3). From 8,000 years onwards a steady
transition to modern oceanographic conditions - with bottom wa-
ter temperatures experiencing a steady decline from 4.0 to 2.0oC
– somewhat surprisingly promoted moderate gas hydrate growth
at the GHP site up to the present. Today, Storfjordrenna hosts
two competing water masses: warm and saline Atlantic Water
and Arctic Water that is cold and fresh, the interplay of which
yields strong seasonal fluctuations in bottom water temperature
from 0.5 to 2.0 oC dependent on prevailing synoptic conditions41.
Annual bottom water temperatures observed since the 1950s42
have though remained steady and thus gas hydrates in the area
have remained stable (assuming a similar gas composition to that
at the GHP site - supplementary Figure S3).
Varying methane leakage activity
Through synthesis of direct observations with hybrid ice
sheet/GHSZ modelling, we demonstrate that an extensive, well-
developed subglacial gas hydrate system formed across outer
Storfjordrenna during the Last Glacial Maximum. This hy-
drate system subsequently experienced repeated cycles of re-
emergence/dissociation during the LateGlacial andHolocene pe-
riods driven by changes in oceanographic conditions and gradual
glacio-isostatic recovery. Due to its episodic nature, the changes
in the GHSZ forced distinct phases of seafloor methane expul-
sion. During phases when the seafloor was within the hydrate sta-
bility envelope, gas hydrate growth incorporated existing natural
gas, partially filling sediment pore space and thereby reducing its
permeability to ascending fluid flow. Conversely, during phases
of gas hydrates decomposition, seafloor gas emissions were am-
plified due to hydrate-bound gas release and free gas venting from
deeper thermogenic reservoirs.
The occurrence of discrete layers of methane-derived au-
thigenic carbonates in shallow sediment cores acquired from
the GHPs support our inference of distinct phases of enhanced
methane release since deglaciation. Increased methane flux in-
duces anaerobic oxidation of methane near the seafloor, which
produces excess HCO3- thereby enhancing authigenic carbonate
precipitation 43,44. Hence, high methane seepage activity asso-
ciated with conditions of hydrate dissociation are favorable for
carbonate precipitation.
The Barents Sea ice sheet covered the West Svalbard shelf
for over 13,500 years, driving continuous gas entrapment in and
beneath a thick and extensive subglacial GHSZ. On regional
deglaciation, the corresponding abrupt increase in temperature
and decreased pressure conditions triggered a period of thinning
and shrinkage of the GHSZ (Figure 2b, 3). Reduced pressure and
warmer bottom waters resulted in the complete disappearance
of GHSZ within <5,000 years after the ice sheet retreated from
shallow regions of the seafloor. Throughout the post-glacial pe-
riod, a 5 m thick section of hemipelagic sediments containing
present gas hydrates and authigenic carbonates were deposited
across the seafloor28,30. Driven by the pronounced warming of
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bottom water to 5.5 oC30 from 15,500 years ago onwards, any
remnant GHSZ collapsed thereby releasing gas hydrates that
had accumulated for more than 18,000 years. Decomposition
of gas hydrates caused pore volume expansion and activated
large scale release of formerly hydrate-bound methane that was
vented through gas chimneys in the seafloor. Laboratory exper-
iments and numerical simulations of seabed gas dome growth
indicate that buoyancy forces and the corresponding enhanced
pressure from upwelling methane confined within a gas chimney
is sufficient to create seabed domes of a few hundred meters in
diameter45-47. We propose that it was this excess pressure-related
doming that initiated the growth of theGHPs around 15,500 years
ago.
Corresponding to the Younger Dryas, a 1,000 year episode
of oceanic cooling stimulated extensive GHSZ regrowth and the
cessation of methane seepage across the shelf (Figure 3, Figure
4c). Gas hydrate heaving, a process analogous to frost heave
under permafrost conditions, also would have contributed to sed-
iment upheaval within GHPs at this time. Successive fracturing
of sediments caused by excess pore pressure would have led
to cracks that eventually fill with hydrates48, thereby leading to
further GHP volume expansion.
A rapid recession of the GHSZ took place associated with a
warming period of bottom water at the Holocene Optimum (Fig-
ure 3). From 6,500 years ago onwards, oceanographic condi-
tions were broadly comparable to those today, withArctic-derived
bottom waters (<2 oC) prevailing in outer Storfjordenna. These
cooler oceanic conditions gradually led to the establishment of
a new GHSZ up to 60 m thick that has persisted through to the
present day (Figure 3). Our analysis demonstrates that complex
changes in temperature and pressure conditions led to episodic
gas hydrate formation in outer Storfjordrenna, which strongly
modulated seafloor methane release, the formation of authigenic
carbonates and GHPs during the Late Pleistocene and Holocene.
Besides Storfjordeanna, several glacial troughs with depths
in excess of 350 mbsl have been eroded into the Barents and
Kara Sea shelf (Figure 4a). These troughs and associated deeper
shelf areas must have developed extensive GHSZ during the
last glaciation which subsequently experienced episodic phases
of collapse and re-emergence driven by changing subglacial, iso-
static and oceanographic conditions49-51. Given the abundance of
hydrocarbon provinces within these formerly glaciated margins,
we propose that theGHPs we document here could bemore com-
mon and extensive across the Arctic where submarine gas hydrate
systems exist. Recent surveys off West Greenland support this
proposition, where hydrate-bearing seafloor features appear to
be associated with deep gas migration channels52. Furthermore,
across the East Greenland shelf, δ13C records in benthic and
planktonic foraminifera indicate at least three methane release
episodes since deglaciation related to dissociating hydrates53. It
is also likely that many GHPs that reside outside of the present-
day GHSZ have collapsed, forming large depressions – a phe-
nomenon that has been widely reported in previously glaciated
trough systems in the Arctic13,14,54.
Despite considerable seafloor methane seepage from for-
merly glaciated Arctic shelves, the actual flux of methane that
attains the atmosphere remains unconstrained. Recent studies
show that a broad gas-seepage area extending along the North-
Western Barents sea from 74o to 79o contributed only 0.07% to
net atmospheric methane3. This finding resonates with recent
airbornemeasurements revealing a distinct absence of high atmo-
spheric methane concentration during the summer55. The role of
the water column in critically regulating methane transfer to the
atmosphere is not fully understood, and it remains unclear as to
whether oceanic methane degradation has limits where large and
abrupt fluxes of seafloor release could overcome filter systems
thereby forcing a potent atmospheric feedback as has previously
been proposed.
The earth has experienced a wide range of climate extremes
over its geological history56 such as the Permian-Triassic catastro-
phe 252 Mio years ago57 when both carbon-dioxide and methane
were released on a massive scale into the atmosphere. It has
recently been proposed that such an event was reinforced by
global-scale hydrate dissociation and methane release triggered
by initial global warming after a prolonged “snow-ball earth”
glacial episode58. Our inferences regarding a glacial gas hydrate
capacitor are worth consideration when investigating the causes
of past episodes of global-scale gasmethane release evident in the
geological record.
Despite the growing number of seep-related features that
have been recently discovered across the seafloor of the Arc-
tic, shallow gas hydrate systems remain poorly understood and
documented, particularly where they have undergone a complex
environmental history. This study reveals that abrupt changes in
pressure and temperature conditions associated with the inter-
play of grounded ice, post-glacial isostatic rebound and influx of
variable ocean currents all critically modulate the gas hydrate
stability zone thereby driving distinct episodes of natural gas
storage and release. To date, these processes have not been well
described or quantified, and any attempt to understand the past
and determine the future impact of Arctic methane emissions on
global climate need to comprehensively account for them.
Methods
Description of methods of seismic and hydroacoustic data acquisition and
processing, sediment sampling and geochemical analyses provided in SI
Methods. SI Methods also contains extensive description of ice-sheet model
and conductive heat ﬂux model of gas hydrate stability zone.
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